We experimentally investigate the nonadiabatic rotational excitation process of a symmetric-top molecule, benzene, in the electronic ground state irradiated by intense nonresonant ultrafast laser fields. The initial rotational-state distribution was restricted mostly to the five lowest levels with different nuclear spin modifications by an extensive adiabatic cooling with the rotational temperature well below 1 K, and distributions after the interaction with a femtosecond double-pulse pair (3-5 TW/cm 2 each with 160 fs duration) with time delays were probed in a quantum-state resolved manner by employing resonant enhanced multiphoton ionization via the S 1 ← S 0 6 1 0 vibronic transition. Populations of 10 rotational levels with J ranging from 0 to 4 and K from 0 to 3 were examined to show an oscillatory dependence on the time delay between the two pulses. Fourier analysis of the beat signals provides the coupling strengths between the constituent levels of the rotational wave packets created by the nonadiabatic excitation. These data are in good agreement with the results from quantum mechanical calculations, evidencing stepwise excitation pathways in the wave packet creation with J = 2 in the K = 0 stack while J = 1 and 2 in the K > 0 stacks.
I. INTRODUCTION
When gaseous molecules are exposed to an intense nonresonant laser field, a torque is exerted so as to align the molecular axis along the laser polarization vector due to the interaction between the laser field and the molecular anisotropic polarizability. 1 In the nonadiabatic case, where the laser pulse duration is much shorter than the molecular rotational period, the irradiated molecular ensemble remains in a nonstationary quantum state of motion even after the laser field is diminished. Accordingly, the angular distribution pertinent to the molecular orientation exhibits complex spatiotemporal propagation and, in most cases, shows characteristic recurrences (rotational revivals), at which the molecules are periodically aligned with a specific time duration just relating to the molecular moments of inertia. The process, now commonly termed as nonadiabatic molecular alignment, has been attracting much attention because of interesting physics involved. Though its initial experimental demonstration dates back more than 30 years ago, 2 recent rapid advance in ultrafast laser technologies has stimulated the explosion of studies on the time-dependent spatial distribution of molecular ensembles by implementing various probing methods, e.g., Coulomb explosion imaging, [3] [4] [5] photofragment imaging, 6 high-order harmonic generation, 7, 8 instantaneous birefringence techniques, 9 and degenerate four wave mixing. 10, 11 In addition, the nonadiabatic molecular alignment has been utilizing in many applications, in which the field free molecular alignment in the space-fixed frame is extensively exploited to extract anisotropic molecular properties represented in the molecular-fixed frame. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The nonstationary quantum state, i.e., rotational wave packet, created in the nonadiabatic molecular alignment is a coherent superposition of eigenstates, of which rotational angular momentum J ranges among various values while its projection onto the space-fixed axis M is preserved to the initial values. In this respect, the nonadiabatic alignment is inherently accomplished by nonadiabatic rotational excitation (NAREX). Recently, the present and other research groups have reported experimental studies conducted by utilizing a frequency-domain spectroscopic probe on the rotational distribution after NAREX with almost full quantumstate resolution. [23] [24] [25] [26] [27] [28] These studies have demonstrated that details concerning the excitation process during the exposure to laser fields are encoded in the state distribution. In particular, if the initial (and the resultant nonstationary) state is regarded as a pure state, the created rotational wave packet is experimentally reconstructed with all the phases and amplitudes for the constituent rotational states determined, by employing a pair of intense nonresonant laser pulses with changing the time delay between them. 25 Even though the full reconstruction cannot be realized in the case of mixed states, the excitation pathways in the NAREX processes can be experimentally extracted by the double-pulse excitation scheme, and the characteristics of linear molecules in a doubly degenerate electronic states has been revealed in the studies on nitric oxide. [26] [27] [28] Moreover, it has recently been proposed and partly demonstrated that the rotational-state distribution can be controlled in an ultrafast time regime via NAREX processes using the double pulse excitation, [28] [29] [30] [31] [32] while the control of the spatiotemporal shape of the rotational wave packets by multiple pulse excitation has been repeatedly studied, in particular, for "squeezing" of the angular distribution.
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The present paper reports an extending effort to map out the excitation pathways in the NAREX process for another class of molecules, namely, symmetric tops. Because of the other rotational degree of freedom than linear or diatomic molecules, this class of molecules maintains additional multiplicity in rotational energy levels, i.e., the projection K of J onto the molecular figure axis. Since NAREX is induced by the molecular polarizability, its selection rules for level coupling, identical to rotational Raman transitions, are rather strict for symmetric tops and make it much simpler to track the excitation pathways experimentally. Still, rich variety in excitation processes, systematically depending on J and K values, has been predicted by the simulation based on the time-dependent Schrödinger equation (TDSE) calculation, 24 awaiting for experimental verification. Here the benzene (C 6 H 6 ) molecule with 6-fold symmetry around its figure axis is selected as a sample primarily because of its significant role as a prototypical aromatic molecule and easy access for probing distributions via suitable electronic transition. The excitation processes due to the interaction with two successive femtosecond (fs) pulses were examined by probing the rotational-state distribution after the interaction with the resonant enhanced multiphoton ionization (REMPI) detection via the S 1 ← S 0 6 1 0 vibronic transition. In the present condition, an extensive adiabatic cooling was employed to restrict the initial distribution mostly to the lowest rotational levels with different nuclear spin wave functions, to unambiguously determine populations by the spectroscopic probe. Probed levels with different values of J and K indicated statedependent oscillatory change in population against the time delay between the two pulses. These observed beat signals were analyzed by Fourier transformation and compared to the simulation based on the TDSE calculations.
The paper is organized as follows: Sec. II provides the description of our experimental setup for measurements of the rotational-state distribution after NAREX induced by nonresonant fs laser pulses. A theoretical framework to consider NAREX pertinent to a symmetric-top molecule is outlined in Sec. III. We present the experimental results with the simulation based on the quantum mechanical calculations in Sec. IV, and conclude the paper in Sec. V.
II. EXPERIMENTAL
The experimental setup employed in this work is essentially the same as those in the previous studies, [23] [24] [25] [26] [27] and here we describe it in some details. Its schematic is shown in Fig. 1 . A recently constructed time-of-flight mass spectrometer (TOF-MS) was employed, which consists of three differentially pumped regions for molecular-beam source, buffer, and ionization/TOF mass analysis, designed capable to experiments with a cw nozzle source. In the case of pulsed beam operation as in the present experiment, the source and buffer chambers are used as a single one with the separating wall between them removed. This region is evacuated by 2000 l/s and 700 l/s diffusion pumps backed by a root blower pump and a rotary pump in series. The ionization/TOF region is evacuated by a 500 l/s turbo molecular pump backed by a scroll pump. The pumping system produces base pressures of better than 10 −4 and 10 −5 Pa in the source and ionization/TOF regions, respectively. The apparatus is equipped with three TOF-MS electrodes separated by 2 cm between neighboring two, which are operated in Wiley-McLaren configuration. 42 A trace amount of C 6 H 6 was entrained in a helium carrier gas at a stagnation pressure of 90 bar, by passing through a sample container held at room temperature. The mixed gas was pulsed out into the chamber collinearly with the TOF axis, at 10 Hz repetition rate through a high-pressure solenoid valve 43 with a 0.25 mm orifice, to produce narrow packets of molecular beam (<10 μs duration at the interaction region). The gas pulses were collimated by a conical skimmer (Beam Dynamics, 1.0 mm orifice) located ∼5 cm from the valve. After 15 cm travel from the skimmer, the beams were further collimated by a pinhole of 5 mm diameter in the first TOF plate. The pressures in the source and ionization/TOF regions were 3 × 10 −4 and 1.4 × 10 −5 Pa, respectively, under the gas-pulse operation.
The molecular beam was irradiated by the fundamental output from a multipass amplifier (Quantronix, Ordin-II), seeded with a mode-locked fs Ti:Sapphire laser (KM lab, Griffin) pumped by a cw Nd:YVO 4 laser (Spectra Physics, Millennia Pro V). This laser system derivers ultrafast near infrared (centered at ∼820 nm) pulses with up to 2.5 mJ/pulse and ∼40 fs duration at 1 kHz. The amplified output was split into two pulses of equal intensity in a Michelson interferometer. The time delay between the two pulses was varied by a computer-controlled linear positioning stage (Sigma Koki) with a minimum step size of 10 μm. The resultant paired pulses, polarized parallel to one another, were recombined and sent collinearly to cross the molecular beam in orthogonal direction. The ultrafast pulses are referred as pumps hereafter. The pump pulses were chirped to ∼160 fs by changing the position of the compressor grating in the multipass amplifier, in order to avoid unwanted ionization by the pump pulses alone. The pulse width was monitored by a single shot autocorrelator (Positive Light, SSA). The pump pulses were loosely focused by a plano-convex lens with f = 300 mm through an antireflection coated (at ∼800 nm) window (5 mm thick) into the chamber, and its focal position was slightly shifted from the probe (i.e., ionization) region.
After the excitation with the pump pulses, benzene molecules were ionized via (1 + 1) REMPI by a nanosecond (ns) pulse at ∼258 nm in resonance with the S 1 ← S 0 6 1 0 vibronic transition. The probe pulse was delivered as a doubled output of a XeCl-excimer pumped dye laser with Courmarin 500 (Lamda Physik Compex/Scanmate 2E, operated at 10 Hz). The bandwidth of the probe was reduced to 0.05 cm
by inserting an etalon in the dye laser for resolving congested rotational structure of C 6 H 6 . The time delay between the pump and the probe pulses was fixed to 100 ns. Since the observed REMPI excitation spectra unchanged when the pump-probe delay time was varied down to 50 ns, collisional rotational relaxation was negligible. The polarization direction of the pump and the probe pulses was set to be parallel to each other, and along with the ion extraction field in the TOF-MS ionization region. In order to probe only a molecular ensemble exposed by the pump field, the probe pulse was reduced down to 10 μJ/pulse and tightly focused with a planoconvex lens with f = 170 mm.
Ions generated via REMPI were linearly accelerated by a dc electric field into the 50 cm-long flight region, and detected by a dual-assembly microchannel plate (MCP) detector (Burle). Mass resolution of the TOF-MS system is M/ M ≈ 260 at M ≈ 80. The output from the MCP was pre-amplified and recorded by a digital oscilloscope (Iwatsu, DS4354, 1 GS/s with 500 MHz bandwidth). The digitized data were transferred into a personal computer for further processing.
III. THEORY
We consider a closed-shell symmetry-top molecule, such as benzene, in which electronic orbital and spin angular momenta are quenched. Here it is assumed that the Hamiltonian H 0 in the field-free condition and the corresponding rotational eigenstates are well characterized,
where |J, K , M represents the eigenstate with angular momentum J and its projections K and M onto the molecular symmetry axis and the space-fixed axis, respectively. This wave function is described with the rotational matrix, and J, K, and M are all integer with M and
where B and C are rotational constants (in cm −1 unit) with respect to b-and c-axes (the latter being the figure axis), and h and c are Planck constant and the speed of light in vacuum. Centrifugal-distortion terms are not included since their contribution is negligible in the range of J to be considered hereafter.
The interaction of a symmetry-top molecule with a linearly polarized nonresonant laser field is represented aŝ
where the laser polarization direction is set along the spacefixed Z axis, and the electric field E Z (t) of the laser pulse is in the form of
with E(t) being the pulse envelope, ω the carrier frequency, and δ the phase offset. The space-fixed component α Z Z of the molecular polarizability tensor can be represented with the molecule-fixed components, α || and α ⊥ , parallel and perpendicular to the molecular symmetry axis, respectively, and the angle θ between the symmetry axis and the laser polarization. In addition, ω is assumed far off resonant with any molecular transition and thus the interaction can be averaged over optical cycles. Then, Eq. (3) is recast as [45] [46] [47] 
where α = α || − α ⊥ . Matrix elements of the interaction denoted in Eq. (5) are
Thus, they are diagonal in K and M. Furthermore, they are non-vanishing only if J = 0, ±2, for K = 0 and/or M = 0, or J = 0, ±1, ±2 for K = 0 and M = 0. It is also noted that states with the same parity are only coupled since the α Z Z component is symmetric to the space inversion operation. Furthermore, α Z Z belongs also to the totally symmetric irreducible representation (irrep) with respect to molecular symmetry operations, and thus coupling between states belonging to the same irrep are the only non-vanishing terms. The nonadiabatic interaction with the nonresonant ultrafast laser field converts an initial |J i , K , M state to the rotational wave packet | (t) , which is expanded as
Here,Û (t 2 , t 1 ) is the time evolution operator from time t 1 to t 2 and ω J,K = E J,K /¯. The complex expansion coefficient appearing in Eq. (7) is factored as
J,J . These coefficients are constant after the laser field vanishes, and time propagation of the wave packet is entirely described with the exp(−iω J,K t) terms depending on the field-free energies. In Eq. (7), K and M values are preserved because of the aforementioned strict selection rules for symmetric tops, while J can range among wider distribution. Since levels with +K and −K are degenerate and matrix elements in Eq. (6) Exact values of the amplitudes and phases in the rotational wave packet can be calculated on the basis of TDSE with the initial condition,
From Eqs. (7) and (9), TDSE is converted into the following coupled differential equations for the expansion coefficients,
where ω J ,J = ω J ,K − ω J,K . These coupled equations can be solved numerically to determine the complex expansion coefficient, once the interactionV (t) represented in Eq. (5) is specified. Here a Gaussian temporal profile is used for the laser pulse envelope as
where is the pulse width at the half maximum. In all the TDSE calculations presented hereafter, the following molecular parameters of benzene are adopted: B = 0.18977 cm
and C = 0.094885 cm −1 from Ref. 48 and α || = 6.67 Å 3 and α ⊥ = 12.4 Å 3 from Ref. 49 . If another laser pulse, which is a replica of the first one, is irradiated onto the molecule at t = τ , the wave packet created by the first pulse represented in Eq. (7) is further modified by the interaction with the second pulse. The resultant wave packet at t is expanded as .
(13)
Equations (12) and (13) show that the wave packet after the interaction with two successive short pulses can be fully described for an arbitral time delay between them once the amplitudes and phases of constituent eigenstates in the wave packet created by each single pulse are known.
The population of the rotational eigenstates |J, K , M after the interaction with the double pulse pair is the square of with the probe pulse alone. The spectrum without the pump is predominated by transitions from the five rotational states of (J,K) = (0,0), (1,0), (1,1), (2,2), and (3,3). These five levels are the lowest in energy for the different nuclear spin modification. 50 The observed spectrum is well reproduced by the simulation assuming rotational temperature of 0.5 K. In this condition, relative population for K ≥ 4 levels is expected to be 1% at most. Figure 2 (b) shows a REMPI spectrum after the excitation with a single fs pump pulse. Here one arm of the Michelson interferometer was blocked to send only a single pulse into the chamber. The spectrum recorded with the other arm blocked was essentially unchanged, verifying the equivalent pulse energies for the two pump pulses. The observed spectrum is much congested, where individual lines are barely resolved with the 0.05 cm −1 bandwidth of the probe laser. Transitions from levels with J up to 6 come to appear in the spectrum. Close inspection shows that each J stack in the P and R branches are composed of lines with lower K = 0-3. This is a characteristic feature for a spectrum of a symmetrictop molecule subjected by NAREX, which obeys the K = 0 selection rule in the excitation process. 24 The observed spectrum was compared with that simulated by adopting the TDSE calculation outlined in Sec. III. The best reproduction is achieved when the pump laser intensity of 5.0 TW/cm 2 adopted, as shown in Fig. 2(c) . The value agrees reasonably with that evaluated (4.2 TW/cm 2 ) from the measured laser parameters: the power of 0.22 mJ, the pulse width of 160 fs, and the spot size of 3.2 × 10 −4 cm 2 . The state distribution after the pump pulse excitation is calculated for the five initial states, as shown in Fig. 3 .
IV. RESULTS AND DISCUSSION
In the experiments with the double-pulse excitation, we measured the delay-time dependence of rotational-state populations with (J,K) = (0,0), (2,0), (1,1), (2,1), (3,1), (2,2), (3,2), (4,2), (3,3), and (4,3) . To do so, we monitored the REMPI signals by scanning the delay time between the pump pulse pair, with fixing the probe wavelength at the transitions from the corresponding rotational levels, as indicated with arrows in Fig. 2 . The observed signals are shown in Figs. 4-7 for the levels with K = 0-3, respectively. The pump energies per single pulse are in the range of 0.14-0.26 mJ for the different probed levels due to day-to-day variation in the maximum available output form the fs laser system. As clearly seen in the figures, the state populations are modulated against the delay, and the modulation patterns are different for different J and/or K. However, all the delay-dependent signals are repeated with the same interval of 87.8 ps, which corresponds to the rotational revival time, i.e., T rev = 1/(2Bc). The time-domain signals (left panels) in Figs. 4-7 have been Fourier transformed to yield the power spectra representing beat frequencies for the modulations, as shown in the right panels of the figures. As mentioned previously, the modulation frequencies correspond to energy differences between the eigenstates that constitute the rotational wave packets. All the peak positions appearing in the FT spectra are multiples of 2Bc, and assigned to energy differences between levels in the same K manifold. The energy level diagrams for each K stacks are shown in Fig. 8 , with the energy intervals associated to the observed peaks indicated in it. To compare the observed results, we have carried out the TDSE calculations to simulate the delay-dependent populations for the states probed in the experiments. The results are also shown in Figs. 4-7 for K = 0-3, respectively. Here, the summation over the entire range of M is taken for each initial state. The experimental and calculated results agree well to each other. The TDSE calculation has provided the time evolution of the probabilities from specified initial states, as shown in Fig. 9 .
In the FT spectra with K = 0, peaks appear at energy differences with even J only. This experimental finding is the direct consequences of the J = 2 selection rule on state coupling for K = 0. In particular, the peaks at ω 2,0 and ω 4,2 are predominant, while those at ω 4,0 , ω 6, 4 , and ω 6,2 are minor. The intensities for the former two strong peaks are scaled to A are relatively large due to the direct connection between J and J states by the matrix elements in Eq. (6). The peak intensities verify that the rotational wave packet created from (J,K) = (0,0) was composed of eigenstates of J = 0, 2, and 4, with slight contribution from J = 6. Furthermore, they are fully consistent with the following stepwise excitation pathway in the wave packet creation: (J,K) = (0,0) → (2,0) → (4,0) → (6,0), as shown in Fig. 9(a) .
The FT spectra with K = 0 exhibit peaks at energy differences with odd J as well as even J. This is due to the additional state coupling obeying the J = 1 selection rule for K = 0. In the case of K = 1, however, energy intervals corresponding to most of the prominent peaks are those with J = 2, instead of ω 2,1 (see Fig. 5 ). This experimental finding is explained as follows. For levels with M = 1, the initial state of (J,K) = (1,1) is transferred to states with J = 2 and
Energy ( 3 almost simultaneously in the first excitation step because couplings with J = 1 and 2 are allowed. However, as can be seen in Fig. 10 , the coupling strengths for J = 2 quickly dominate over those for J = 1 as J increases for K = 1 and M = 1. Thus, the excitation pathway to create the rotational wave packet from the initial (1,1) state with M = 1 is bifurcated into two: (J,K) = (1,1) → (2,1) → (4,1) and (1,1) → (3,1) → (5,1). This situation can be clearly seen in Fig. 9(b) , in which pairs of adjacent states show almost the same time evolution. The resultant wave packet is a superposition of rotational eigenstates with J = 1-5. On the other hand, the M = 0 state has a simple stepwise excitation pathway: (J,K) = (1,1) → (3,1) → (5,1), similar to that for K = 0. On the contrary to the K = 1 case, peaks for J = 1 appear with substantial intensities for K = 2 and 3, as shown in Figs. 6 and 7. This is consistent with increased coupling strengths of J = 1 for larger K and M values, as indicated in Fig. 10 . Therefore, both J = 1 and 2 excitation pathways are effective for K = 2 and 3. Indeed, higher-M states exhibit sequential build-up of populations with J = 1 in the calculated time evolution of the probabilities, as shown in Figs. 9(d), 9 (f), and 9(g). As a result, creation of the rotational wave packets proceeds through a nested network with J = 1 and 2 coupling, i.e., for larger M values, while that of the M = 0 state is stepwise and that of M = 1 is bifurcated, as in the cases of K = 1.
V. CONCLUSIONS
In this work, we studied nonadiabatic rotational excitation of an oblate symmetric-top molecule, benzene, by changing the time delay between two identical femtosecond laser pulses. Overall, good agreement is observed between the theoretical and experimental dependence of the population on the delay between the pulses. The present results allow us to follow the rotational excitation processes starting from initial levels with different K values. The excitation pathways are stepwise with J = 2 in the K = 0 stack while J = 1 and 2 in the K > 0 stacks. For K > 0, the dynamical calculation based on TDSE has shown that the pathway for K = 1 is bifurcated into two branches, in which the initial step with J = 1 or 2 is followed by J = 2 excitation, while J = 1 excitation for larger K becomes noticeable among higher J levels, to scramble the bifurcated branches into a nested single network in K = 3. Fourier transformed spectra of the observed timedomain signals have confirmed the multiple Raman steps and the different quantum mechanical pathways toward final nonstationary states, i.e., rotational wave packets.
